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Abstract
Diabetes mellitus and fine particulate matter from diesel exhaust (DEP) are both important contributors to the development
of cardiovascular disease (CVD). Diabetes mellitus is a progressive disease with a high mortality rate in patients suffering
from CVD, resulting in diabetic cardiomyopathy. Elevated DEP levels in the air are attributed to the development of various
CVDs, presumably since fine DEP (,2.5 mm in diameter) can be inhaled and gain access to the circulatory system. However,
mechanisms defining how DEP affects diabetic or control cardiomyocyte function remain poorly understood. The purpose
of the present study was to evaluate cardiomyocyte function and reactive oxygen species (ROS) generation in isolated rat
ventricular myocytes exposed overnight to fine DEP (0.1 mg/ml), and/or high glucose (HG, 25.5 mM). Our hypothesis was
that DEP exposure exacerbates contractile dysfunction via ROS generation in cardiomyocytes exposed to HG. Ventricular
myocytes were isolated from male adult Sprague-Dawley rats cultured overnight and sarcomeric contractile properties were
evaluated, including: peak shortening normalized to baseline (PS), time-to-90% shortening (TPS90), time-to-90%
relengthening (TR90) and maximal velocities of shortening/relengthening (6dL/dt), using an IonOptix field-stimulator
system. ROS generation was determined using hydroethidine/ethidium confocal microscopy. We found that DEP exposure
significantly increased TR90, decreased PS and 6dL/dt, and enhanced intracellular ROS generation in myocytes exposed to
HG. Further studies indicated that co-culture with antioxidants (0.25 mM Tiron and 0.5 mM N-Acetyl-L-cysteine) completely
restored contractile function in DEP, HG and HG+DEP-treated myocytes. ROS generation was blocked in HG-treated cells
with mitochondrial inhibition, while ROS generation was blocked in DEP-treated cells with NADPH oxidase inhibition. Our
results suggest that DEP exacerbates myocardial dysfunction in isolated cardiomyocytes exposed to HG-containing media,
which is potentially mediated by various ROS generation pathways.
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Introduction
Diabetes mellitus is recognized as one of the key risk factors
in the development of cardiovascular disease (CVD) [1]. Air
pollution exposure has been shown to directly relate to an increase
in cardiopulmonary deaths in highly polluted urban settings [2,3].
It has also been recognized that diabetics are more susceptible to
air pollution-induced heart dysfunction, although the underlying
mechanisms remain understood [1,4,5,6,7]. Fine particulate
matter (PM; ,2.5 mm in diameter) caused a 1.3% increase in
cardiovascular deaths per 5 mg/m
3 increase in urban polluted air
[2]. Combustion of fossil fuels is one of the main generators of PM,
including diesel engines. The size of fine diesel exhaust particles
(DEP) is normally less than 2.5 mm in diameter, allowing free
access to the lungs and subsequently the circulatory system [8].
Furthermore, DEP exposure caused the release of inflammatory
mediators associated with blood coagulation and an increase in
intracellular calcium levels [9].
The role of the mitochondria in exacerbation of heart disease
in diabetics has become increasingly clear [10]. Mitochondria of
cardiomyocytes are primary targets for diabetes-related heart
disease, suggesting that diabetic cardiomyopathy is a common
complication leading to an increased risk for heart failure [1,10].
Consequences of diabetic cardiomyopathy include systolic dys-
function [11], ventricular hypertrophy [12], hypertension [13],
and cardiac contractile protein glycosylation [14]. Furthermore,
mitochondria from diabetic hearts have morphological and func-
tional damage coupled with lipid oxidation [10], suggesting an
important role for ROS generation in diabetes [15]. These
adverse effects of ROS can be reduced by cotreatment with
antioxidants [15]. Mitochondria are one of the main ROS
generators via single electron leakage to oxygen under various
pathophysiological conditions [16,17,18,19]. Since ROS play an
important role in various disease states [20,21,22,23,24],
particularly in the development/progression of cardiovascular
dysfunction [23,25], it is very likely that diabetes may induce
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heart cells.
Recent studies of PM exposure have shown that the mito-
chondria are not involved in particle-induced cellular ROS
formation [26]. NADPH oxidase is known to be a source of
ROS production in CVDs [27,28]. The cellular membrane bound
NADPH oxidase initiates a single electron transfer to molecular
oxygen, resulting in the formation of ROS [27,29]. Since there is a
large distribution of NADPH oxidases located within the cell,
it is likely that this enzyme could be another important ROS
generator, particularly in the heart [27]. Since previous studies
have focused on whole body/organ exposure rather than the
direct effects of DEP on ventricular cardiomyocytes, the aim of the
present study was to delineate the role of ROS generation in DEP-
induced cardiomyocyte dysfunction under diabetes-like conditions.
One plausible explanation is that DEP and high glucose alter
the local chemical, mechanical, and/or electrical environment
through the activation of ROS generators, potentially including
the mitochondria and NADPH oxidases.
Materials and Methods
Adult male Sprague-Dawley rats (250–350 g; Harlan Sprague-
Dawley) were maintained on food and water ad libitum and all
experiments were approved and performed in accordance with the
guidelines of the Institutional Laboratory Animal Care and Use
Committee at the Research Institute at Nationwide Children’s
Hospital (IACUC#: AR08-00004).
Cardiomyocyte isolation
A method similar to previous publications was used [30,31,32],
with minor modifications. In brief, rats were anesthetized with an
injection of pentobarbital sodium (50 mg/kg, i.p.) and heparinized
with 0.1 ml of 1000 IU/kg. Following hemithoractomy, the hearts
were removed, the aorta was cannulated, and the coronaries were
perfused retrogradely at a constant flow rate (4 ml/min) for 5 min
with standard Krebs perfusion buffer (in mM: 113 NaCl, 4.7 KCl,
0.6 KH2PO4, 0.6 Na2HPO4, 1.2 MgSO4-7H2O, 12 NaHCO3,1 0
KHCO3, 10 HEPES, 30 Taurine, 0.032 Phenol Red, pH 7.4).
The heart was positioned inside a heated dual-walled glass chamber
maintained at a constant temperature of 37uC. Ventricular diges-
tion occurred through the addition of calcium, liberase (Roche) and
trypsin (GIBCO) into the perfusate, which produced final
concentrations of 12.5 mM, 4.5 mg/ml and 0.14 mg/ml, respec-
tively. Following 20 min of enzymatic digestion, the heart was
rapidly removed from the perfusion apparatus and minced in 50 ml
Krebs standard buffer with 10% fetal bovine serum (SAFC
Biosciences) and 12.5 mM CaCl2. The mixture was triturated using
a sterile pipette and filtered through a sterile cell strainer (BD
Falcon, 100 mm in diameter). The filtered solution was titrated in
sequence with 150 ml of 10 mM CaCl2, 300 mL of 10 mM CaCl2,
90 mL of 100 mM CaCl2, and 150 ml of 100 mM CaCl2 (4 min
intervals between each CaCl2 addition), and the mixture was
centrifuged for 1.5 min at 500 RPM. The supernatant was removed
and the pellet dispersed in the plating medium on laminin-coated
dishes (Invitrogen). The media contained Minimum Essential
Medium with Hanks’ salts and L-glutamine (MEM, GIBCO/
Invitrogen), 5% bovine calf serum (BCS, Hyclone), 10 mM 2,3-
butanedione monoxime (BDM, Sigma), 100 U/ml penicillin
(Sigma), 1.8 mM CaCl2 and 2 mM L-glutamine (GIBCO/Invitro-
gen). After 60 min at 37uC in the incubator, the plating media was
replaced with fresh culture media that included MEM, 0.1 mg/ml
myocyte bovine serum albumin (Sigma), 100 U/ml penicillin and
2 mM L-glutamine (GIBCO/Invitrogen).
Treatments
DEP (Diesel Particulate Matter, 1.0 mg/ml, National Institute of
Standard and Technology, USA) was dissolved by thorough
sonication in the contracting buffer (CB). For function studies,
isolated ventricular myocytes were divided into eight groups.
Control (Ctrl): cells were cultured overnight in standard medium;
HG: cells were cultured overnight in a media with a high con-
centration of glucose (25.5 mM [31,33]) (i.e. diabetic-like media);
DEP: cells were cultured overnight with DEP (0.1 mg/ml);
HG+DEP: cells were cultured overnight in the presence of both
HG (25.5 mM) and DEP (0.1 mg/ml); The next four groups were
similar to the initial four groups except that all were treated with
antioxidants (AOX), which included Tiron (4,5-dihydroxy-1,3-
benzene disulfonic acid) (0.25 mM) and N-Acetyl-L-cysteine
(NAC, 0.5 mM). For confocal studies, myocytes were divided into
17 groups. The first eight groups were all treated overnight as
listed above. The next nine groups were also treated overnight, but
an additional 1 hr treatment was performed prior to confocal
measurement, including: Ctrl+MI (One hr treatment with
mitochondria inhibitors including rotenone (1 mg/ml) and TTFA
(50 mM)), HG+MI, DEP+MI, HG+DEP+MI, Ctrl+Apo (One hr
treatment with apocynin (100 mM)), HG+Apo, DEP+Apo, HG+
DEP+Apo, and HG+DEP+MI+Apo. Groups of cells were assessed
using the IonOptix video imaging system for real-time contrac-
tility, whereas laser scan confocal microscopy (Zeiss LSM510, Carl
Zeiss, Jena, Germany) was used for ROS assessment. Live cells
were rod-shaped myocytes with distinct sarcomeric edges. In our
preparation, cell viability was greater than 75%.
Cardiomyocyte function
Myocytes were plated in glass-bottom inserts (Cell Micro
Controls Co., USA) that were held on a flow chamber on the
stage of an inverted Olympus IX-71 microscope. The cells were
observed using a 406 objective and superfused with contractile
buffer (CB) at 1 ml/min at ,37uC through a Warner in-line heater
associated with an automatic temperature controller (Warner In-
strument Co.). The cells were field-stimulated at 1 Hz with a 3 ms
duration using the Myopacer Field-Stimulator System (IonOptix,
MA) in an apparatus containing two platinum wires on both ends of
the insert. The constituents of CB were (in mM, pH 7.4): 131 NaCl,
4 KCl, 10 HEPES, 1 CaCl2, 1 MgCl2 and 10 glucose. We used the
Sarclen Sarcomere Length Acquisition Module (IonOptix) to assess
functional properties of the cells. With the IonOptix video imaging
system, sarcomere length was recorded using a Myocam-S Digital
CCD camera. The following parameters were recorded: sarcomere
peak shortening normalized to baseline length (PS, the maximal %
change of the sarcomere length from the resting state), sarcomere
time-to-90% shortening (TPS90, time to 90% of cell contraction),
time-to-90% relengthening (TR90, time to 90% of cell relaxation),
sarcomere departure velocity (+dL/dt, the maximal velocity of cell
shortening), and sarcomere return velocity (2dL/dt, the maximal
velocity of cell relengthening).
Intracellular ROS production in cardiomyocytes
The hydroethidine (DHE; dihydroethidium)/ethidium (ET)
fluorescence probe was used to measure intracellular ROS
formation in cardiomyocytes as described previously [20,22].
DHE (Invitrogen-Molecular Probes) is highly sensitive to several
ROS including superoxide, hydroxyl radical, and peroxynitrite
[20,22,34]. DHE stock was made in dimethyl sulfoxide (DMSO,
Sigma). In the presence of ROS, DHE is instantly dehydrogenat-
ed, resulting in the formation of 2-hydroxyethidium (OH-ET). In
cells, OH-ET quickly converts to a more stabilized product called
ET [35,36]. ET is a charged molecule and can be trapped
PM, High Glucose and Cardiomyocyte Dysfunction
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ROS generation [20,34,37,38]. The DHE assay is widely used for
detecting ROS in both cells and intact tissues [39,40]. Myocytes
were loaded with 5 mM HE for 60 min at 37uC. The setup
parameters for confocal imaging detection of ROS were illustrated
as the following: laser, HeNe; optical slice, ,6.6 mm; pinhole, 7.15
air units; scaling range, 0.4560.45 mm
2; pixel time, 1.60 ms;
objective, Plan-Apochromat 2060.75; ET excitation, 543 nm; ET
emission, and LP 560 nm. The emitted signal captured by a PMT
is presented as an image of 102461024 pixels on a computer
monitor. The imaging data were analyzed using LSM 510 soft-
ware. All of the fields were randomly selected containing at least
10 cells within each view area. The mean fluorescence intensity of
each cell was calculated, and the total cell emission signals per field
were averaged for data analyses.
Statistical Analyses
Values are expressed as mean 6 SEM. Data were analyzed
using SAS JMP (SAS Institute, Cary, NC) with JMP post hoc
analysis, which is a valid technique that is based on comparing
obtained differences between two means (treated vs. non-treated).
If the difference obtained was greater than or equal to the critical
difference, it was considered significant. Each ‘‘rat’’ per day was
treated as a random variable with drug treatment in a SAS
statistical model. JMP post hoc contrasts were applied to
determine differences in mean values at each specific data point
if the ANOVA was determined to be significant. p,0.05 was
considered statistically significant.
Results
Function of cardiomyocytes exposed to HG, DEP, and
HG+DEP
As shown in Figure 1, overnight DEP exposure caused a
significant decrease in peak shortening normalized to baseline PS
(Fig. 1A) and a significant increase in TR90 (Fig. 1B). Furthermore,
sarcomere return velocity +dL/dt (Fig. 1C), and departure velocity
2dL/dt (1D) were decreased in DEP exposed cells. Overnight HG
treatment also increased TR90 (Fig. 1B), but decreased PS (Fig. 1A)
and 6dL/dt (Fig. 1C, D). In our model, HG+DEP exposure
resulted in the largest increase in TR90 (Fig. 1B), and the largest
decreases in PS (Fig. 1A) and 6dL/dt (Fig. 1C, D). However, all of
these effects were completely abolished when cells were pretreated
with a combination of the antioxidants Tiron plus NAC in culture
(Fig. 1A–D). All data were obtained at 1 Hz and averaged from 38
to 72 cells from 5–8 rats per group (*p,0.05).
Cell morphology of isolated ventricular myocytes
exposed to DEP
In Figure 2A, control myocytes are shown without DEP over-
night treatment. 1.0 mg/ml DEP overnight exposure (Fig. 2C)
caused massive cell death compared to the control group (Fig. 2A).
0.1 mg/ml DEP caused significant ROS generation (Fig. 2B) and
cardiomyocyte dysfunction with minimal effects on cell morphol-
ogy (Figs. 1, 2, 3, 4). Therefore, we utilized 0.1 mg/ml DEP as the
effective treatment dose throughout the rest of our experiments.
Intracellular ROS production in myocytes exposed to
overnight HG, DEP, HG+DEP
Figure 3 is comprised of ET images of loaded myocytes,
suggesting significant increases in ROS generation with either HG
or DEP exposure overnight, that was highest with combined
treatment of HG+DEP overnight. Antioxidant (Tiron and NAC,
AOX) co-culture abolished these signals in all treatment groups.
Mitochondrial blockers (rotenone and TTFA, MI) blocked ET
emission in overnight HG-treated cells, while the NADPH oxidase
blocker, apocynin (Apo) blocked ET fluorescence in overnight
DEP-treated cells. Both MI and Apo partially blocked ET
emission in cells exposed to HG+DEP overnight. However,
MI+Apo completely blocked the ET signal compared to control
(Figure 4). In addition, antioxidants used in this study had no
artificial effects on control cells (Figs. 3 and 4).
Discussion
Air pollution exposure and diabetes mellitus can both cause
cardiovascular dysfunction [1,2,3]. The present study is the first to
show that DEP exposure exacerbates contractile dysfunction in
isolated myocytes exposed to high glucose (HG) media in vitro,
which can be blocked by antioxidant co-culture. We have also
shown that ROS generation in cardiomyocytes exposed to HG
could potentially involve the mitochondria, while ROS generation
induced by DEP is likely mediated through NADPH oxidase-
dependent pathways. Furthermore, in HG-treated myocytes, we
found that overnight exposure to diesel particulate matter (DEP)
exacerbates the already increased TR90 and intracellular ROS,
with the largest effects on cardiomyocyte function (evidenced by
changes in PS and 6dL/dt) in our experimental settings. The
levels of DEP (0.1 mg/ml) used in this study were maintained
within a physiological range compared to higher doses previously
used [41,42]. Furthermore, inhibition of both NADPH oxidase
and the mitochondria resulted in a relatively weaker ROS signal
compared to those in the HG+DEP treated group, suggesting
complex mechanisms involving multiple ROS generators. Our
data provide molecular insight into the mechanisms of diabetic
cardiomyopathy in highly polluted urban areas [2,3].
DEP exacerbates HG-induced cardiomyocyte dysfunction
Previous studies [2,4,5] have shown that long-term exposure to
PM potentiates cardiovascular disease progression. Our current
study further explored the effect of direct exposure of DEP to
cardiomyocytes treated with HG in culture (simulated in vitro
diabetes), since diabetes is another major risk factor for CVD
development [1,43]. 25.5 mM glucose in culture is commonly
accepted as a standard diabetic-like media [30,33,44]. As part of
our examination of cardiomyocyte contractility, either HG or
DEP exposure significantly reduced myocyte function (Figure 1).
The largest functional decreases were observed in HG+DEP
treated cells (i.e. simulating the diabetic environment). Previous
studies have shown that ROS play an active role in both diabetes
[15] and DEP-related disease progression [45,46]. Mitochondria,
one of the main ROS generators in cardiomyocytes, are also
subject to effects of diabetes [1,10]. Findings in the present study
suggest that both HG and DEP exposure involve oxidative stress-
generating pathways.
ROS production in isolated cardiomyocytes treated with
HG+DEP
ROS generation is a key mechanism in the generation of both
CVD and PM-induced disease [10,15,45,46,47,48]. Figure 3
suggests that the mechanisms whereby HG or DEP decrease
cardiac function may involve an unknown oxidative pathway. As
illustrated in Figure 1, functional properties of ventricular
myocytes treated with HG, DEP or HG+DEP were completely
restored with the co-culture of the antioxidants Tiron and NAC
[45,48], suggesting that ROS play a critical role in these processes.
Although the specific mechanisms involved remain unclear, these
PM, High Glucose and Cardiomyocyte Dysfunction
PLoS ONE | www.plosone.org 3 August 2011 | Volume 6 | Issue 8 | e23116Figure 1. Shortening and relengthening contractility in isolated ventricular myocytes stimulated at 1 Hz. Peak shortening (PS) (A) (%
cell length), time-to-90% relengthening (TR90) (B) departure (C) and (D) return velocity (6dL/dt mm/s) in control (culture medium overnight; Ctrl), high
glucose treatment (25.5 mM overnight; HG), diesel exhaust particle (DEP) treatment (0.1 mg/ml overnight; DEP), HG and DEP treatment (25.5 mM and
0.1 mg/ml overnight); Ctrl with antioxidants (Tiron at 0.25 mM and NAC at 0.5 mM; (AOX)), HG with AOX, DEP with AOX, HG+DEP with AOX. Myocytes
were field stimulated with 1 Hz at 37uC. Sample size ranged from 38 to 72 cells per group from 5–8 rats. (*) Significantly compared to Ctrl; (#)
significantly compared to HG and DEP (P,0.05).
doi:10.1371/journal.pone.0023116.g001
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generation can inhibit cardiac muscle function through various
pathways, including oxidative modification of sarcoplasmic
reticulum Ca
2+ ATPase and contractile elements involved in
excitation-contraction coupling [20,21]. We further confirmed
intracellular ROS production using laser scan confocal fluorescent
microscopy. ROS formation was observed in HG, DEP and
HG+DEP treated cardiomyocytes (Figs. 3 and 4). We have found
that ROS generation was also blocked by co-culture of
antioxidants (Figs. 3 and 4). Tiron and NAC produced no arti-
ficial effects on basal fluorescence level or myocyte function in
control cells (Figs. 1, 3 and 4). Our findings suggest that ROS
formation is involved in both HG and DEP-treated myocytes.
Molecular sources of ROS production in cardiomyocytes
treated with DEP
A number of molecular sources for ROS in muscle have been
proposed. The mitochondria are possible ROS generators via
electron leakage to molecular oxygen under pathological condi-
tions [16,17,49]. Our findings (Figs. 3 and 4) are consistent with
previous studies of mitochondria isolated from diabetic hearts; in
these studies, the authors observed morphological and functional
damage to the mitochondria in diabetic samples, presumably
caused by ROS generation [10,15]. In our model, mitochondria
complex I and II blockers were used to test whether the
mitochondria play a role in HG-treated cells [50]. We found that
these inhibitors completely diminished intracellular ROS gener-
ation, suggesting that the mitochondria are possible ROS
generators in isolated myocytes exposed to HG media. Further-
more, contractility was completely recovered following exposure to
antioxidants, as shown in Figure 1, confirming that ROS play a
role in cardiomyocyte dysfunction induced by HG or DEP.
Although mitochondria are regarded as possible sources of ROS
in diabetic models, Mo et al. [26] have recently shown that
mitochondria are not directly involved in PM-induced cellular
ROS formation. Following activation, membrane bound NADPH
oxidase initiates single-electron transfers to molecular oxygen,
resulting in the formation of ROS [33,51,52]. Of particular
importance is the fact that NADPH oxidase is largely distributed
within heart cells [27]. Mo et al. [26] also illustrated that NADPH
oxidase appears to be the source of ROS generation following in
vitro DEP treatment in pulmonary microvascular endothelial cells,
highly consistent with our current results (Figs. 3 and 4). In the
present study, we have shown that DEP-induced ROS generation
was completely diminished in apocynin-treated cells (Figs. 3 and
4). Therefore, considering previous studies [26,53], (Figs. 1, 3 and
4), it is likely that DEP induces NADPH oxidase to generate ROS
in our model.
Conclusions and future directions
This study demonstrated that ROS are produced following
DEP and/or HG exposure to isolated cardiomyocytes. Antioxi-
dant co-culture completely abolished the adverse effects of HG or
DEP on the functional properties of isolated myocytes. However,
the mechanisms whereby HG activates mitochondrial ROS
generation or DEP activates NADPH oxidase-dependent ROS
generation are still under investigation. It is likely that HG and/or
DEP could activate mitochondria or NADPH oxidase via uncer-
tain signaling pathways such as cytokines (TNF-a, IL-6) and/or
protein kinases [15,29]. Additional studies will be performed to
determine the physiological level of particles within the blood-
stream of animals in a highly polluted environment. It is worth
noting that mitochondrial blockers have no effect on ROS
generation in DEP-treated cells, while apocynin exerts no effect
on ROS generation in cells exposed to HG media (Figs. 3 and 4).
Therefore, we conclude that DEP exacerbates myocardial dys-
function in isolated cardiomyocytes exposed to HG media, and
that the cardiotoxicity of HG or DEP are mediated through
distinct and disparate ROS generation pathways.
Figure 2. Cell morphology of isolated ventricular myocytes (A–
C). Typical myocytes treated overnight with 0 mg/ml (A); 0.1 mg/ml DEP
(B); or 1.0 mg/ml DEP (C).
doi:10.1371/journal.pone.0023116.g002
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PLoS ONE | www.plosone.org 5 August 2011 | Volume 6 | Issue 8 | e23116Figure 3. Intracellular reactive oxygen species (ROS) generation in isolated ventricular myocytes. Typical ET confocal emission images of
Ctrl versus Ctrl with AOX (Tiron at 0.25 mM and NAC at 0.5 mM), Ctrl with MI (rotenone at 1 mg/ml and the mitochondrial complex II inhibitor (MI)
thenoyltrifluoroacetone (TTFA) at 50 mM), and Ctrl with apocynin (100 mM, Apo); Typical ET emission images treated with HG (25.5 mM) versus HG
with AOX, HG with MI, and HG with Apo; Typical ET images of DEP (0.1 mg/ml) versus DEP with AOX, DEP with MI, and DEP with Apo; Typical ET
images of HG (25.5 mM) and DEP (0.1 mg/ml) versus HG and DEP with AOX, HG and DEP with MI, HG+DEP with Apo, and HG+DEP with MI and Apo.
doi:10.1371/journal.pone.0023116.g003
Figure 4. Summary data for intracellular ROS generation as shown by changes in ET fluorescence in isolated ventricular myocytes.
Sample size ranged from 100 to 360 cells from 5–8 rats. (*) Significantly different compared to Ctrl, HG+AOX, HG+MI, DEP+AOX, DEP+MI,
HG+DEP+MI+Apo; (#) Significantly different compared to HG and DEP (P,0.05).
doi:10.1371/journal.pone.0023116.g004
PM, High Glucose and Cardiomyocyte Dysfunction
PLoS ONE | www.plosone.org 6 August 2011 | Volume 6 | Issue 8 | e23116Acknowledgments
We would like to thank Dr. Pamela Lucchesi, Dr. Mary Cismowski, James
Rodeman, Dr. Markus Velten, Andrew MacMillan and Matthew Gorr for
their expert technical and editorial assistance.
Author Contributions
Conceived and designed the experiments: LZ DJY LEW. Performed the
experiments: LZ DJY. Analyzed the data: LZ LEW. Contributed reagents/
materials/analysis tools: LEW. Wrote the paper: LZ LEW.
References
1. Wang J, Song Y, Wang Q, Kralik PM, Epstein PN (2006) Causes and
characteristics of diabetic cardiomyopathy. Rev Diabet Stud 3: 108–117.
2. Dominici F, McDermott A, Zeger SL, Samet JM (2003) Airborne particulate
matter and mortality: timescale effects in four U.S. cities. Am J Epidemiol 157:
1055–1065.
3. Simkhovich BZ, Marjoram P, Kleinman MT, Kloner RA (2007) Direct and
acute cardiotoxicity of ultrafine particles in young adult and old rat hearts. Basic
Res Cardiol 102: 467–475.
4. Schwartz J, Morris R (1995) Air pollution and hospital admissions for
cardiovascular disease in Detroit, Michigan. Am J Epidemiol 142: 23–35.
5. Sunyer J, Ballester F, L. TA, Atkinson R, Ayers JG, et al. (2003) The association
of daily sulfur dioxide air pollution levels with hospital admissions for
cardiovascular disease in Europe (The Aphea-II Study). European Heart J 24:
752–760.
6. Schaffer SW, Ballard C, Mozaffari MS (1997) Is there a link between impaired
glucose metabolism and protein kinase C activity in the diabetic heart? Mol Cell
Biochem 176: 219–225.
7. Schaffer SW, Ballard-Croft C, Boerth S, Allo SN (1997) Mechanisms underlying
depressed Na+/Ca2+ exchanger activity in the diabetic heart. Cardiovasc Res
34: 129–136.
8. Monforton C (2006) Weight of the evidence or wait for the evidence? Protecting
underground miners from diesel particulate matter. Am J Public Health 96:
271–276.
9. Donaldson K, MacNee W (2001) Potential mechanisms of adverse pulmonary
and cardiovascular effects of particulate air pollution (PM10). Int J Hyg Environ
Health 203: 411–415.
10. Shen X, Zheng S, Thongboonkerd V, Xu M, Pierce WM, Jr., et al. (2004)
Cardiac mitochondrial damage and biogenesis in a chronic model of type 1
diabetes. Am J Physiol Endocrinol Metab 287: E896–905.
11. Regan TJ, Lyons MM, Ahmed SS, Levinson GE, Oldewurtel HA, et al. (1977)
Evidence for cardiomyopathy in familial diabetes mellitus. J Clin Invest 60:
884–899.
12. Galderisi M, Anderson KM, Wilson PWF, Levy D (1991) Echocardiographic
evidence for the existence of a distinct diabetic cardiomyopathy (the
Framingham Heart Study). Am J Cardiol 68: 85–89.
13. Devereux RB, Roman MJ, Paranicas M, O’Grady MJ, Lee ET, et al. (2000)
Impact of diabetes on cardiac structure and function: The Strong Heart Study.
Circulation 101: 2271–2276.
14. Syrovy I, Hodny Z (1992) Non-enzymatic glycosylation of myosin: effects of
diabetes and ageing. Gen Physiol Biophys 11: 301–307.
15. Ye G, Metreveli NS, Donthi RV, Xia S, Xu M, et al. (2004) Catalase protects
cardiomyocyte function in models of type 1 and type 2 diabetes. Diabetes 53:
1336–1343.
16. Chance B, Sies H, Boveris A (1979) Hydroperoxide metabolism in mammalian
organs. Physiol Rev 59: 527–605.
17. Godenschwege T, Forde R, Davis CP, Paul A, Beckwith K, et al. (2009)
Mitochondrial superoxide radicals differentially affect muscle activity and neural
function. Genetics 183: 175–184.
18. Grivennikova VG, Vinogradov AD (2006) Generation of superoxide by the
mitochondrial Complex I. Biochim Biophys Acta 1757: 553–561.
19. Hafner AV, Dai J, Gomes AP, Xiao CY, Palmeira CM, et al. (2010) Regulation
of the mPTP by SIRT3-mediated deacetylation of CypD at lysine 166 suppresses
age-related cardiac hypertrophy. Aging (Albany NY) 2: 914–923.
20. Zuo L, Christofi FL, Wright VP, Liu CY, Merola AJ, et al. (2000) Intra- and
extracellular measurement of reactive oxygen species produced during heat
stress in diaphragm muscle. Am J Physiol Cell Physiol 279: C1058–1066.
21. Clanton TL, Zuo L, Klawitter P (1999) Oxidants and skeletal muscle function:
physiologic and pathophysiologic implications. Proc Soc Exp Biol Med 222:
253–262.
22. Al-Mehdi AB, Shuman H, Fisher AB (1997) Intracellular generation of
reactive oxygen species during nonhypoxic lung ischemia. Am J Physiol 272:
L294–300.
23. Zuo L, Chen YR, Reyes LA, Lee HL, Chen CL, et al. (2009) The radical trap
5,5-dimethyl-1-pyrroline N-oxide exerts dose-dependent protection against
myocardial ischemia-reperfusion injury through preservation of mitochondrial
electron transport. J Pharmacol Exp Ther 329: 515–523.
24. Pani G (2010) P66SHC and ageing: ROS and TOR? Aging (Albany NY) 2:
514–518.
25. Costa VM, Silva R, Tavares LC, Vitorino R, Amado F, et al. (2009)
Adrenaline and reactive oxygen species elicit proteome and energetic
metabolism modifications in freshly isolated rat cardiomyocytes. Toxicology
260: 84–96.
26. Mo Y, Wan R, Chien S, Tollerud DJ, Zhang Q (2009) Activation of endothelial
cells after exposure to ambient ultrafine particles: the role of NADPH oxidase.
Toxicol Appl Pharmacol 236: 183–193.
27. Cave AC, Brewer AC, Narayanapanicker A, Ray R, Grieve DJ, et al. (2006)
NADPH oxidases in cardiovascular health and disease. Antioxid Redox Signal 8:
691–728.
28. Ago T, Matsushima S, Kuroda J, Zablocki D, Kitazono T, et al. (2010) The
NADPH oxidase Nox4 and aging in the heart. Aging (Albany NY) 2:
1012–1016.
29. Griendling KK, Sorescu D, Ushio-Fukai M (2000) NAD(P)H oxidase: role in
cardiovascular biology and disease. Circ Res 86: 494–501.
30. Ren J, Davidoff AJ (1997) Elevated extracellular Ca 2+ attenuates abnormal
ventricular excitation-contraction (E-C) coupling induced by high [glucose].
Circulation 96: I314.
31. Ren J, Davidoff AJ (1997) Diabetes rapidly induces contractile dysfunctions in
isolated ventricular myocytes. Am J Physiol Heart Circ Physiol 272:
H148–H158.
32. Wold LE, Relling DP, Colligan PB, Scott GI, Hintz KK, et al. (2001)
Characterization of contractile function in diabetic hypertensive cardiomyopa-
thy in adult rat ventricular myocytes. J Mol Cell Cardiol 33: 1719–1726.
33. Privratsky JR, Wold LE, Sowers JR, Quinn MT, Ren J (2003) AT1 blockade
prevents glucose-induced cardiac dysfunction in ventricular myocytes: role of the
AT1 receptor and NADPH oxidase. Hypertension 42: 206–212.
34. Budd SL, Castilho RF, Nicholls DG (1997) Mitochondrial membrane potential
and hydroethidine-monitored superoxide generation in cultured cerebellar
granule cells. FEBS Lett 415: 21–24.
35. Zielonka J, Hardy M, Kalyanaraman B (2009) HPLC study of oxidation
products of hydroethidine in chemical and biological systems: ramifications in
superoxide measurements. Free Radic Biol Med 46: 329–338.
36. Zielonka J, Vasquez-Vivar J, Kalyanaraman B (2008) Detection of 2-
hydroxyethidium in cellular systems: a unique marker product of superoxide
and hydroethidine. Nat Protoc 3: 8–21.
37. Nethery D, Stofan D, Callahan L, DiMarco A, Supinski G (1999) Formation of
reactive oxygen species by the contracting diaphragm is PLA(2) dependent.
J Appl Physiol 87: 792–800.
38. Zhu X, Zuo L, Cardounel AJ, Zweier JL, He G (2007) Characterization of in
vivo tissue redox status, oxygenation, and formation of reactive oxygen species in
postischemic myocardium. Antioxid Redox Signal 9: 447–455.
39. Dikalov S, Griendling KK, Harrison DG (2007) Measurement of reactive
oxygen species in cardiovascular studies. Hypertension 49: 717–727.
40. Zuo L, Clanton TL (2002) Detection of reactive oxygen and nitrogen species in
tissues using redox-sensitive fluorescent probes. Methods Enzymol 352:
307–325.
41. Sun Q, Yue P, Ying Z, Cardounel AJ, Brook RD, et al. (2008) Air pollution
exposure potentiates hypertension through reactive oxygen species-mediated
activation of Rho/ROCK. Arterioscler Thromb Vasc Biol 28: 1760–1766.
42. Sun Q, Yue P, Kirk RI, Wang A, Moatti D, et al. (2008) Ambient air particulate
matter exposure and tissue factor expression in atherosclerosis. Inhal Toxicol 20:
127–137.
43. Ren J, Gintant GA, Miller RE, Davidoff AJ (1997) High extracellular glucose
impairs cardiac E-C coupling in a glycosylation-dependent manner. Am J Physiol
Heart Circ Physiol 273: H2876–H2883.
44. Ren J, Dominguez LJ, Sowers JR, Davidoff AJ (1999) Metformin but not
glyburide prevents high glucose-induced abnormalities in relaxation and
intracellular Ca 2+ transients in adult rat ventricular myocytes. Diabetes 48:
2059–2065.
45. Li R, Ning Z, Cui J, Khalsa B, Ai L, et al. (2009) Ultrafine particles from diesel
engines induce vascular oxidative stress via JNK activation. Free Radic Biol Med
46: 775–782.
46. Risom L, Moller P, Loft S (2005) Oxidative stress-induced DNA damage by
particulate air pollution. Mutat Res 592: 119–137.
47. Chahine T, Baccarelli A, Litonjua A, Wright RO, Suh H, et al. (2007)
Particulate air pollution, oxidative stress genes, and heart rate variability in an
elderly cohort. Environ Health Perspect 115: 1617–1622.
48. Menon SG, Sarsour EH, Kalen AL, Venkataraman S, Hitchler MJ, et al. (2007)
Superoxide signaling mediates N-acetyl-L-cysteine-induced G1 arrest: regulatory
role of cyclin D1 and manganese superoxide dismutase. Cancer Res 67:
6392–6399.
49. Vinciguerra M, Santini MP, Claycomb WC, Ladurner AG, Rosenthal N (2010)
Local IGF-1 isoform protects cardiomyocytes from hypertrophic and oxidative
stresses via SirT1 activity. Aging (Albany NY) 2: 43–62.
50. Zuo L, Pasniciuc S, Wright VP, Merola AJ, Clanton TL (2003) Sources for
superoxide release: lessons from blockade of electron transport, NADPH
PM, High Glucose and Cardiomyocyte Dysfunction
PLoS ONE | www.plosone.org 7 August 2011 | Volume 6 | Issue 8 | e23116oxidase, and anion channels in diaphragm. Antioxid Redox Signal 5:
667–675.
51. Mohazzab HK, Kaminski PM, Wolin MS (1997) Lactate and PO2 modulate
superoxide anion production in bovine cardiac myocytes: potential role of
NADH oxidase. Circulation 96: 614–620.
52. White CN, Figtree GA, Liu CC, Garcia A, Hamilton EJ, et al. (2009)
Angiotensin II inhibits the Na+-K+ pump via PKC-dependent activation of
NADPH oxidase. Am J Physiol Cell Physiol 296: C693–700.
53. Pope CA, 3rd, Renlund DG, Kfoury AG, May HT, Horne BD (2008) Relation
of heart failure hospitalization to exposure to fine particulate air pollution.
Am J Cardiol 102: 1230–1234.
PM, High Glucose and Cardiomyocyte Dysfunction
PLoS ONE | www.plosone.org 8 August 2011 | Volume 6 | Issue 8 | e23116